We investigate whether the surfaces of the classical moons of Uranus are compositionally stratified, with a thin veneer of mostly tiny H2O ice grains (≤ 2 µm diameters) mantling a lower layer composed of larger grains of H2O ice, dark material, and CO2 ice (~10 -50 µm diameters). Near-infrared observations (~1 -2.5 µm) have determined that the H2O ice-rich surfaces of these moons are overprinted by concentrated deposits of CO2 ice, found almost exclusively on their trailing hemispheres. However, best fit spectral models of longer wavelength datasets (~3 -5 µm) indicate that the spectral signature of CO2 ice is largely absent, and instead, the exposed surfaces of these moons are composed primarily of tiny H2O ice grains. To investigate possible compositional layering of these moons, we have collected new data using the Infrared Array Camera (IRAC) onboard the Spitzer Space Telescope (~3 -5 µm). Spectral modeling of these new data is consistent with prior analyses, suggesting that the exposed surfaces of the Uranian moons are primarily composed of tiny H2O ice grains. Furthermore, analysis of these new data reveal that the trailing hemispheres of these moons are brighter than their leading hemispheres over the 3 to 5 µm wavelength range, except for Miranda, which displays no hemispherical asymmetries in its IRAC albedos. Our analyses also revealed that the surface of Ariel displays five distinct, regionalscale albedo zones, possibly consistent with the spatial distribution of CO2 ice on this moon. We discuss possible processes that could be enhancing the observed leading/trailing albedo asymmetries exhibited by these moons, as well as processes that could be driving the apparent compositional stratification of their near surfaces. 2019a. Exploring the composition of icy bodies at the fringes of the Solar System with next generation space telescopes. arXiv preprint arXiv:1903.07691. Cartwright, R.J., Emery, J.P., Pinilla-Alonso, N., Grundy, W.M., Cruikshank, D.P., 2019b.
Introduction
In 1986, Voyager 2 revealed the surfaces of the large and tidally-locked "classical" Uranian moons Miranda, Ariel, Umbriel, Titania, and Oberon for the first time (e.g., Smith et al., 1986 Croft and Soderblom, 1991) (Table 1) . Data returned by the Imaging Science System (ISS, ~0.28 -0.64 µm) onboard the Voyager 2 spacecraft showed that the surfaces of these moons are darker than the surfaces of H2O ice-rich Saturnian moons observed previously during the Voyager encounters with Saturn (e.g., Smith et al., 1981 Smith et al., , 1982 . ISS also showed that the graytoned surfaces of the Uranian moons have some brighter regions, spatially associated with impact features and tectonized provinces (e.g., Helfenstein et al., 1989; Pappalardo et al., 1997; Beddingfield et al., 2015; Beddingfield and Cartwright, 2019) . Subsequent analysis of the ISS data revealed that spectrally red material is present on the classical Uranian satellites, primarily on the leading hemispheres (longitudes 1 -180º) of the outer moons, Titania and Oberon (Buratti and Mosher 1991; Bell et al., 1991; Helfenstein et al., 1991) .
Ground-based, near-infrared (NIR) observations (~1 -2.5 µm) determined that the surface compositions of the Uranian moons are dominated by a mixture of H2O ice and a dark, spectrally-neutral constituent (e.g., Cruikshank et al., 1977; Cruikshank, 1980; Cruikshank and Brown, 1981; Soifer et al., 1981; Brown and Cruikshank, 1983; Brown and Clark, 1984) that is likely carbonaceous in origin (Clark and Lucey, 1984) . The detected H2O bands on these moons are much weaker than the same H2O features on ice-rich Saturnian moons (e.g., Cruikshank et al., 1977) , demonstrating how the presence of dark material weakens the spectral signature of H2O ice over these wavelengths (Clark and Lucey, 1984) . Overprinting these "dirty" H2O ice features, narrow CO2 ice bands have been detected (between 1.9 and 2.1 µm), primarily on the trailing hemispheres (longitudes 181 -360º) of the inner moons, Ariel and Umbriel (Grundy et al., 2003, 2006; Cartwright et al., 2015) . The central wavelength positions, band shapes, and band strengths of these CO2 ice features are remarkably similar to the second order overtone and combination bands of "pure" CO2 ice (i.e., concentrated deposits of CO2, segregated from other constituents, with crystal structures dominated by CO2 molecules) (e.g., Hansen, 1997; Gerakines et al., 2005) .
At longer wavelengths, Miranda and Ariel were observed by the Infrared Interferometer Spectrometer (IRIS) onboard Voyager 2 over the ~20 to 50 µm range (Hanel et al., 1986) . Analysis of the IRIS data suggested that these two moons have surfaces composed of isotropically scattering dark grains (Hanel et al., 1986) , hinting at their bizarre regolith microstructures. More recently, Ariel, Umbriel, Titania, and Oberon were observed by the Infrared Array Camera (IRAC) onboard the Spitzer Space Telescope (Fazio et al., 2004) in four broad channels spanning ~3.1 to 9.5 µm. Analysis of these IRAC data shows that the Uranian satellites have higher albedos over the 3 to 5 µm range compared to H2O ice-rich satellites in the Jovian and Saturnian systems . The SpeX spectrograph at NASA's Infrared Telescope Facility (IRTF) (Rayner et al., 1998 (Rayner et al., , 2003 , operating in long wavelength cross-dispersed (LXD) mode, was used to collect L/L' band spectra (~2.9 -4.2 µm) of Ariel, Titania, and Oberon (Cartwright et al., 2018) . Analysis of these SpeX/LXD spectra shows that the spectral continua of the Uranian moons are dominated by H2O ice, with similar continua shapes to the H2O-rich Saturnian moons. However, the Uranian satellites display brighter 3.6-µm peaks compared to the H2O-rich Saturnian moons, and they are also much brighter than dark material-rich moons like Iapetus and Callisto (Fig. 11 in Cartwright et al., 2018) . Thus, over the ~0.4 to 2.5 µm wavelength range, the classical Uranian satellites have weaker H2O ice bands and darker surfaces compared to H2O-rich moons elsewhere, but the Uranian satellites are brighter than other icy moons over long NIR wavelengths (3 -5 µm).
The mean optical path length (MOPL) estimates the average penetration depth of photons into particulate mixtures (Clark and Roush, 1984) . Utilizing the MOPL, we previously calculated the average penetration distance of photons into particulate mixtures of amorphous C and H2O ice, finding that photons over short NIR wavelengths (1 -2.5 µm) travel greater distances into these particulate mixtures (~0.15 -> 10 mm depths) compared to photons over long NIR wavelengths (~0.001 -0.05 mm depths) (Cartwright et al., 2018) . Previous radiative transfer modeling work shows distinct differences between these two wavelength regions, with best fit synthetic spectra, spanning the short NIR region, dominated by constituents with ~10 to 50 µm diameter grains, whereas best fit models spanning the long NIR region are primarily composed of grains with ≤ 2 µm diameters (Cartwright et al., , 2018 . Other studies have demonstrated that small H2O ice grains enhance the brightness of the 3.6-µm peak relative to larger grains (e.g., Filacchione et al., 2012) , precisely where SpeX/LXD spectra of the Uranian moons show strong continua peaks. Furthermore, short NIR spectral models include areally mixed CO2 ice (10 -50 µm grain diameters) , but long NIR synthetic spectra include only minor amounts of areally mixed CO2 ice (or none at all), even for Ariel's trailing hemisphere, which is mantled by a large amount of CO2 (Grundy et al., 2003 (Grundy et al., , 2006 Cartwright et al., 2015) . Thus, the large grains of H2O ice, CO2 ice, and other constituents detected in short NIR spectra appear to be masked by a thin veneer of tiny H2O ice grains in long NIR datasets.
Although previous analyses support this hypothesis, only a small handful of IRAC and SpeX/LXD observations of the Uranian satellites have been published. Consequently, the spectral properties of these moons at wavelengths > 2.5 µm are still poorly constrained and follow-up analyses are needed to explore whether their regoliths are compositionally stratified. In this study, we investigate the spectral properties of these moons over the long NIR region, using new IRAC channel 1 (Ch.1) and channel 2 (Ch.2) observations of Ariel, Umbriel, Titania, and Oberon. We also report IRAC Ch.1 observations of Miranda, which represent the first published data for this moon over the 3 to 5 µm wavelength range. We utilize a Hapke-Mie hybrid radiative transfer model to guide our interpretation of the constituents mantling the surfaces of these moons.
Spitzer/IRAC Observations and Data Reduction
IRAC has been gathering NIR spectrophotometry of astronomical targets since its launch in 2003 (Werner et al., 2004) . During the cryogenically-cooled phase of Spitzer's lifespan, IRAC collected images in four broadband channels, centered near 3. 6, 4.5, 5.8, and 8.0 µm (Fazio et al., 2004) . The detector arrays for each channel are 256 x 256 pixels, with a pixel size of 1.2" x 1.2". The field of view (FOV) of each channel is 5.8 x 5.8 arcmin, with images collected in pairs that share the same FOV (channels 1 and 3, and channels 2 and 4, respectively). As one pair of channels observes the target, the other two channels observe off-target sky, with no overlap in FOV. Previous IRAC observations of the Uranian moons were conducted using all four channels (Program 71, 2003 (Program 71, -2005 Cartwright et al., 2015) . Since 2009, Spitzer has transitioned to the passively-cooled phase of its lifespan, and Ch.1 and Ch.2 (centered near 3.6 and 4.5 µm) are still operable at comparable sensitivities to Spitzer's cryogen-cooled phase.
In 2015, we collected new IRAC Ch.1 and Ch.2 images of the Uranian satellites (Program 11112). These data were collected as sets of nine dithered images in each channel (26.8 s exposures). IRAC observed the leading and trailing hemispheres of these moons two times in each channel (primary and follow-up observations). During the targeted observations of each moon's leading and trailing hemisphere, the other moons were also visible in the FOV. Consequently, IRAC effectively imaged each moon sixteen times in both channels (observations summary shown in Table 2 ).
We analyze IRAC corrected basic calibrated data (CBCD) products in this study, which are darksubtracted, flatfielded, and flux-calibrated using the standard Spitzer Science Center (SSC) data reduction pipeline (see IRAC handbook 2 for more information). The SSC pipeline also removes common IRAC artifacts, including: mux-stripe, column pulldown, banding, saturation, and stray light contributions. Using corrections supplied by SSC, we corrected for variations in the pixel solid angle and for photometric variations across the array in all analyzed data. After performing these corrections, all analyzed images were converted into units of mJy/pixel. Next, we performed aperture photometry, using a 3-pixel radius aperture centered on each moon for all nine dithered frames. An annulus of pixels surrounding the aperture was utilized for background subtraction (inner and outer radii of 3 and 7 pixels). A 3-pixel aperture allows us to maximize flux extraction for each moon while minimizing sky background contributions, cosmic ray hits, and other unwanted flux contributions. To correct for the difference in radius between our 3-pixel apertures and the SSC-calibrated 10-pixel aperture, we multiplied our flux estimates by channel-dependent aperture corrections. To account for the solar spectral slope, we divided our flux estimates by solar color corrections (from Smith and Gottlieb, 1974) . Absolute flux calibration for IRAC is accurate to 2% (Reach et al., 2005) . Flux uncertainties include differences between each of the nine CBCD frames in each observation, the chosen aperture and annulus size we used for flux extraction, and photon counting statistics. We averaged the extracted fluxes for all nine frames and converted these mean fluxes into geometric albedos using the same routines reported in Section 2.2 of Cartwright et al. (2015) . These routines utilize the observation viewing geometry, target radius, target heliocentric distance, observer-target distance, and additional Uranian satellite-specific photometric parameters originally reported in Karkoschka (2001) .
Some of the IRAC observations reported here were contaminated by scattered light from Uranus or from a neighboring moon. To correct for these sources of scattered light, we utilized different background subtraction routines. For satellite observations contaminated by scattered light from Uranus, we subtracted off an annulus of pixels that contain only background flux and scattered light, centered at the same distance from Uranus as the contaminated moon. To correct frames where two proximal moons have convolved fluxes, we generated median flux models for each moon, and then subtracted these models from each contaminated frame, thereby separating their fluxes. We tested these scattered light removal routines on non-contaminated observations, finding good agreement with the results of our standard background subtraction routines. Additionally, we applied these scattered light removal routines to five previously unreported Program 71 observations of these moons (Table 2) . After removing scattered light from all contaminated frames, we averaged the corrected fluxes and converted them into geometric albedos (Section 2.2 of Cartwright et al., 2015) .
Results and Analysis

IRAC Photometry
We report 75 Ch.1 and 65 Ch.2 fluxes and geometric albedos for the Program 11112 observations, and five new Ch.1 and Ch.2 measurements for the Program 71 observations of the Uranian satellites (Table 3, Figure 1 ). To facilitate comparison with prior IRAC results, we show the previously published Program 71 measurements in Table 3 as well. These new results include six Ch.1 observations of Miranda. The six corresponding Ch.2 observations of Miranda, as well as four other Ch.2 observations of Ariel, are heavily contaminated by scattered light from Uranus, even after application of our scattered light removal routines. Consequently, we do not report those ten Ch.2 fluxes and albedos for Miranda and Ariel here, and we exclude them from subsequent analysis.
Amongst the five classical moons, Ariel has the highest albedo and displays the greatest amount of variation across its surface, with higher albedos measured over its trailing hemisphere (Ch.1, 0.203 to 0.236 ± 0.002 to 0.007) compared to its leading hemisphere (Ch.1, 0.174 to 0.203 ± 0.002 to 0.006). Miranda is the next brightest moon (Ch.1, 0.190 to 0.202 ± 0.016 to 0.024), followed by Oberon (Ch.1, 0.163 to 0.169 ± 0.001 to 0.002), Titania (Ch.1, 0.157 to 0.163 ± 0.001 to 0.002), and Umbriel (Ch.1, 0.146 to 0.163 ± 0.003 to 0.008). These four moons display more subtle variations between their leading and trailing hemispheres compared to Ariel. The relative brightness of these moons is broadly consistent with their shorter wavelength albedos (Table 1) . However, at shorter wavelengths, Titania is brighter than Oberon (0.39 ± 0.02 and 0.33 ± 0.01, respectively, Table 1) , whereas over IRAC wavelengths, Oberon is brighter than Titania.
Mean IRAC Albedos
Leading vs. Trailing Hemispheres
To determine whether these moons display longitudinal asymmetries in brightness, we calculated mean Ch.1 and Ch.2 geometric albedos for each moon's leading and trailing hemisphere (Table 4, Figure 2 ) and propagated errors (Appendix A). Previously reported mean IRAC albedos and SpeX/LXD albedos (Cartwright et al., 2018) are included in Table 4 to facilitate comparison between these different long NIR datasets.
Our results show clear differences (> 3σ) between the albedos of Ariel's leading and trailing hemispheres, as well as smaller, but apparent, differences (> 2σ) between the leading and trailing hemispheres of Titania and Oberon. Umbriel displays more subtle differences between the Ch.1 (< 2σ) and Ch.2 (< 1σ) albedos of its leading and trailing sides. We detect no discernable differences between Miranda's leading and trailing hemispheres. Intercomparison of these moons' albedos demonstrates that Ariel's trailing hemisphere is substantially brighter than any region on Umbriel, Titania, or Oberon (> 3σ), and is possibly brighter than any region on Miranda (> 1σ). Thus, the trailing hemispheres of Ariel, Titania, and Oberon (and probably Umbriel) are brighter than their leading hemispheres over long NIR wavelengths. We discuss the possible processes that could be enhancing the albedos of these moons' trailing hemispheres in section 4.1.
Southern vs. Northern Hemispheres
To determine whether these moons display latitudinal variations in brightness, we compared the Program 11112 IRAC albedos (subsolar latitudes ~32.2 -33.9ºN) to the Program 71 albedos (subsolar latitudes ~6.7 -18.3ºS) (Table 4, Figure 3 ). In general, we find that the measured albedos for the leading and trailing hemispheres of these moons are similar across their southern and northern latitudes. A possible exception is Ariel's trailing hemisphere, which appears to be brighter over its southern latitudes compared to its northern latitudes (> 1σ difference). However, this difference is likely spurious, as discussed in the following subsection.
Identification of Five Distinct Albedo Zones on Ariel
Visual inspection of our results ( Figure 1 ) suggests that additional, regional-scale albedo variations are present on Ariel. To investigate this possibility further, we separated Ariel's individual albedo measurements into different longitudinal zones, averaged them together, and propagated errors (Appendix A1). The five resulting albedo zones are defined as follows: "Uranus-facing" (UF), 6 "leading" (LE), "anti-Uranus" (AU), "peripheral-trailing" (PT), and "central-trailing" (CT). The number of data points and range of longitudes in each of these albedo zones are summarized in Table 6 . Using the same range of longitudes, we reclassified the previously reported Program 71 albedos for Ariel, finding that these older data were collected entirely over the LE and CT albedo zones ( Table 5 ). The Ch.1 albedos of each of the five albedo zones display > 2σ differences compared to their adjacent zones, except for the AU zone (> 1σ difference).
Comparison of these albedos zones (for both Ch.1 and Ch.2) shows that Ariel is brightest near the center of its trailing hemisphere (CT zone), less bright outside of this central region (PT zone), darker over transitional longitudes (AU and UF zones), and darkest near the center of its leading hemisphere (LE zone). Furthermore, Ariel's CT zone displays enhanced albedos over both southern (Program 71) and northern (Program 11112) latitudes, demonstrating the large spatial extent of this bright region. The spatial trends in brightness across Ariel's surface suggests that its trailing hemisphere is mantled by a reflective material, peaking in abundance near its antapex (longitude 270º). This trend in brightness is likely consistent with the spatial distribution of CO2 ice (Grundy et al., 2003 (Grundy et al., , 2006 Cartwright et al., 2015) , suggesting that the presence of CO2 is enhancing the IRAC albedos of Ariel's trailing side. Supporting this interpretation, spectroscopic laboratory measurements demonstrate that CO2 ice (e.g., Hansen et al., 1997) is much brighter than H2O ice (e.g., Mastrapa et al., 2009 ) over the ~3 to 4 µm and ~4.5 to 5 µm wavelength ranges covered by IRAC.
Identification of these five albedo zones on Ariel demonstrates that the previously described differences between the Program 71 and 11112 observations of Ariel's trailing hemisphere (section 3.2.2) are no longer valid. IRAC observed both the PT and CT albedo zones during Program 11112, but only the brighter CT zone during Program 71. Consequently, the lower mean albedo calculated using the Program 11112 observations results from the averaging of two distinct albedo zones on Ariel's trailing side. When we compare only the CT zone measurements, the mean albedos for the Program 11112 and 71 datasets are essentially identical. However, over the center of Ariel's leading hemisphere (LE zone), there is a > 1σ difference between these two datasets, with slightly brighter results for the Program 71 observations. Analysis of short NIR spectra suggest that more H2O ice is exposed over Ariel's northern latitudes compared to its southern latitudes (Cartwright et al., 2018) . Consequently, perhaps there is more exposed H2O ice over the northern latitudes of Ariel's leading hemisphere compared to the southern latitudes of its leading side, resulting in greater absorption and lower IRAC albedos. This exposed H2O ice could be concentrated at Ariel's north pole, which may be denuded of CO2 ice and other volatiles, as predicted by thermodynamical models (Grundy et al., 2006; Sori et al., 2017) .
After comparing the Program 71 and 11112 results, we combined these two datasets into one set of albedo zones (bolded columns in Table 5 , Figure 4 ). Additionally, we compared these IRAC results to the two published SpeX/LXD albedos of this moon (Cartwright et al., 2018) , which were collected over Ariel's UF and CT albedo zones. This comparison demonstrates broad agreement between these SpeX/LXD and IRAC albedos (Table 5) . 
Model Fitting IRAC Light Curves
As described in section 3.2.1, the trailing hemispheres of the Uranian moons are brighter than their leading hemispheres. To further investigate these longitudinal trends, we fit the IRAC albedos for each moon, weighted by their uncertainties, with mean and sinusoidal models ( Figure 5 ). The mean models represent surfaces with no discernable longitudinal variations in albedo, whereas the sinusoidal models represent surfaces with significant longitudinal variations in albedo. After fitting the data with these two different models, we compared the fits using an F-test (e.g., Speigel, 1992) . The null hypothesis for this F-test is that there is no difference between the fits provided by the mean and sinusoidal models. Because only six IRAC observations exist for Miranda, which sample only a small range of longitudes on its leading (~78 -84º) and trailing (~254 -259º) hemispheres (Figure 1a ), we exclude Miranda from this analysis.
For Ariel, Umbriel, Titania, and Oberon, the F-test results demonstrate that the sinusoidal model provides a significantly better fit for the Ch.1 (p < 0.009) and Ch.2 (p < 0.0003) light curves compared to the mean model (Table 6 ). These results indicate that the trailing hemispheres of these moons are brighter than their leading hemispheres, consistent with our mean IRAC albedo analyses (section 3.2.1). Of note, this approach only considers whether a mean or sinusoidal model is a better fit to the measured albedos, and it does not allow for formal exclusion of either model as a reasonable fit to the data.
Radiative Transfer Modeling
Best Fit Synthetic Spectra
We conducted radiative transfer modeling to explore the composition and microstructure of the Uranian satellites' regoliths. These spectral models utilize a hybrid Hapke-Mie approach (Appendix A2), which has been applied previously to IRAC and SpeX datasets of these moons (Cartwright et al, , 2018 . We generated best fit synthetic spectra for each moon's leading and trailing hemisphere and for Ariel's five albedo zones (Tables 7 and 8, Figure 6 ), making sure that all the synthetic spectra reproduce the measured Ch.1 and Ch.2 albedos. These best fit models are composed of intimate mixtures of H2O ice (multiple grain sizes) and dark material, with no CO2 ice included.
We utilized the previously collected SpeX/LXD spectra of Ariel, Titania, and Oberon to provide an additional control on the shape of the continua for the spectral models of these three moons ( Figure 6 ). We calculated reduced Chi Square (χ 2 ) statistics (e.g., Bevington and Robinson, 1969) to assess the goodness-of-fit between the synthetic spectra and the SpeX/LXD spectra. In general, a reduced χ 2 value > 1 indicates a poor fit between a model and the observed data, whereas a reduced χ 2 value < 1 indicates that a model is likely a good fit to the observed data. Model fitting of datasets with large uncertainties can lead to erroneously low χ 2 values. Given the low signal-tonoise (S/N) of the SpeX/LXD spectra, the χ 2 values reported here could be underestimated. Consequently, both visual assessment and reduced χ 2 values were used to assess the quality of fits between the observed data and the spectral models.
We compared these best fit synthetic spectra to identify possible compositional trends on these satellites. The spectral models for all five moons include substantial fractions (> 50%) of tiny H2O 8 ice grains (1 -2 µm diameters), as well as a small amount (≲ 1%) of sub-micron diameter H2O ice grains. Additionally, all of the synthetic spectra include a modest fraction (~4 -28%) of larger H2O ice grains (10 µm diameters), except for the models of Ariel, which are dominated by submicron to 2 µm diameter H2O ice grains (~97 -99%). All of these models include some amount of low albedo constituents (amorphous C and Triton tholins, ~1 -10 µm diameters), with less dark material included in the models of the brighter inner moons Ariel and Miranda (~1 to 3%), and substantially more dark material included in the models of the outer moons Umbriel, Titania, and Oberon (~13 to 33%). Therefore, the synthetic spectra presented here suggest that the Uranian satellites' regoliths are primarily composed of tiny H2O ice grains (~1 -2 µm diameters). The prevalence of 1 to 2 µm diameter H2O grains is consistent with previous spectral modeling efforts (Cartwright et al., , 2018 . We explore how the surfaces of these moons might have developed thin mantles of tiny H2O ice grains in section 4.2.
Spectral Modeling of Ariel: Investigating the Influence of CO2 Ice
Although our best fit synthetic spectra contain no CO2 ice, spectral observations made by SpeX in short cross-dispersed (SXD) mode clearly demonstrate that CO2 ice is present on the trailing hemispheres of these moons, in particular on Ariel (Grundy et al., 2003 (Grundy et al., , 2006 Cartwright et al., 2015) . Given the clear evidence for CO2 ice at shorter wavelengths (27% of best fit spectral models), perhaps the high IRAC albedos for Ariel's trailing hemisphere are influenced by the presence of CO2 ice. To investigate this possibility further, we generated a suite of spectral models that include CO2 ice. We focused this modeling effort on Ariel's bright central-trailing (CT) zone. Examples of the CO2-included models we generated are reported in Table 9 and shown in Figure  7 . These synthetic spectra include examples of areally mixed CO2 ice ( Figure 7a ) and intimately mixed CO2 ice ( Figure 7b ). For reference, we include the best fit model for the SpeX/SXD spectra of Ariel's trailing hemisphere, extrapolated over IRAC wavelengths (Figure 7a ).
The SpeX/SXD best fit model cannot reproduce the IRAC albedos and has a reduced χ 2 value > 1. Visual assessment of this model demonstrates that it provides a poor fit to the SpeX/LXD spectrum. The example spectral models that include areally mixed CO2 ice have reduced χ 2 values < 1, suggesting reasonable fits, but visual assessment shows that they provide poor fits to the SpeX/LXD spectrum between 3 and 3.4 µm. Additionally, these spectral models include less areally mixed CO2 ice (13 -14%) compared to the SpeX/SXD best fit model (27%). The two example spectral models that include intimately mixed CO2 also have reduced χ 2 values < 1 and provide much better fits to the SpeX/LXD spectral continuum between 3 and 3.4 µm. Furthermore, the two intimately mixed CO2-included models include a sizable faction of CO2 ice (19 and 27%). Thus, our CO2-included spectral modeling efforts demonstrate that IRAC could be sensing modest abundances of CO2 ice, but that this constituent is most likely intimately mixed with H2O ice and dark material. In contrast, SpeX/SXD best fit models clearly indicate the presence of areally mixed CO2 ice. We explore the possible role of tiny H2O ice grains in obscuring areally mixed CO2 ice in section 4.2.4.
Spectral Modeling of Ariel: Investigating the Influence of H2O Ice
To investigate the influence of H2O ice grain size on these moons, we generated a suite of pure H2O ice spectral models (1, 10, and 100 µm grain diameters) (Table 10 ). Because Ariel's trailing hemisphere is brighter than the other moons, we focused this analysis on Ariel's central-trailing (CT) zone. For reference, we compare the best fit spectral model of Ariel's CT zone, which includes no CO2 ice (described in Table 8 ), to these pure H2O ice synthetic spectra (Figure 7c ).
Visual inspection demonstrates that the 100 µm H2O ice synthetic spectrum provides poor fits to the IRAC albedos and to the shape of the SpeX/LXD continuum, and this model has a reduced χ 2 value > 1. The 10 µm H2O model provides a reasonable match to the IRAC Ch.1 albedo, but not the Ch.2 albedo, and it provides a poor fit to the SpeX/LXD continuum (albeit, with a χ 2 statistic < 1). The 1 µm H2O model provides a much better fit to the SpeX/LXD continuum compared to the 10 and 100 µm H2O models, it has a χ 2 statistic < 1, and provides a reasonable match to the Ch.1 albedo, but not the Ch.2 albedo, for Ariel's CT zone. Comparison of these pure H2O models demonstrates that tiny H2O ice grains can match the shape of the 3.6-µm peak but larger H2O grains cannot, highlighting the influence of tiny grains on the spectral signature of these moons.
Discussion
Leading/Trailing Asymmetries in IRAC Albedos
Driven by Heliocentric Dust Impacts?
Assuming the Uranian moons are H2O ice-rich over the range of depths probed by dust impacts (top few cm), the lower IRAC albedos and stronger H2O ice bands on their leading hemispheres could result from enhanced regolith overturn driven by heliocentric micrometeorite impacts. This process should expose "fresher," less space-weathered H2O ice on icy satellites, and perhaps bury previously exposed tiny H2O ice grains as well, thereby enhancing H2O ice band strengths (e.g., Bennett et al., 2013) . Because of gravitational focusing by Uranus, heliocentric dust particles, entering the Uranian system at high velocities (~30 km/s), will collide more frequently with the inner moons compared to the outer moons (Tamayo et al., 2013) . Additionally, the faster orbital velocities of the inner moons Miranda and Ariel (6.7 and 5.5 km/s, respectively) should increase the frequency of collisions between heliocentric dust particles and their leading hemispheres compared to the outer moons Umbriel, Titania, and Oberon (4.5, 3.6, and 3.2 km/s, respectively). The large leading/trailing asymmetry in H2O ice band strengths and IRAC albedos on the inner moon Ariel, and the subtle hemispherical asymmetries observed on the more distant moons Umbriel, Titania, and Oberon, appears to be consistent with enhanced regolith overturn of their leading hemispheres by heliocentric dust impacts (Cartwright et al., 2018) .
If heliocentric dust collisions are driving the leading/trailing asymmetries in these measurements, then the innermost moon Miranda should exhibit similar hemispherical trends due to its high orbital velocity and proximity to Uranus. However, the results presented here, along with previous analyses (Cartwright et al., 2018) , indicate that Miranda does not display obvious leading/trailing asymmetries in either its IRAC albedos or H2O ice band strengths. Additionally, although dust collisions could promote burial of existing tiny H2O grains, they could also promote grain fragmentation via impact comminution, thereby generating new tiny grains of H2O ice. Thus, comparison of the hemispherical trends in composition on Ariel, Umbriel, Titania, and Oberon to the absence of hemispherical trends on the innermost moon Miranda suggests that heliocentric dust impacts are not the primary driver of stronger H2O ice bands and lower IRAC albedos on the leading hemispheres of these moons.
Alternatively, perhaps H2O ice bands on Miranda's trailing hemisphere are being enhanced by another process, complementing enhancement of H2O ice bands on its leading hemisphere by micrometeorite impacts. It has been previously suggested that ring particles could become electrically charged and experience a Lorentz force from Uranus' rotating magnetic field (Grundy et al., 2006) . Such a process would tend to push larger grains inward on decaying orbits and tiny grains outward on expanding orbits. Uranus' outermost µ-ring is dusty and diffuse, with particle orbits stretching from ~86,000 to 103,000 km (Showalter and Lissauer, 2006) . Peak particle densities in the µ-ring correspond to the orbit of the ring moon Mab, which likely represents the primary source of µ-ring particles (e.g., Showalter and Lissauer, 2006; de Pater et al., 2006) . The µ-ring has a strong blue color, consistent with a population of tiny H2O ice grains that have submicron to micron diameters (de Pater et al., 2006) . Tiny H2O grains in the µ-ring could spiral outward on expanding orbits after becoming electrically charged by interactions with charged particles in Uranus' magnetosphere. The orbits of these electrically charged H2O grains would eventually cross the orbit of the innermost classical moon Miranda (a ~130,000 km) and subsequently collide with its trailing hemisphere. The impact velocities of these collisions are likely low, and it is unclear whether they would tend to promote regolith overturn or preferentially mantle Miranda's trailing hemisphere. Nevertheless, collisions between µ-ring particles and Miranda's trailing hemisphere, and collisions between heliocentric dust impacts and Miranda's leading hemisphere, could be promoting global-scale regolith overturn, thereby erasing hemispherical asymmetries in its composition.
Driven by the Presence of CO2 Ice?
It has been hypothesized that the CO2 ice detected on these moons is part of a radiolytic production cycle, whereby CO2 molecules are generated by magnetospherically-embedded charged particle irradiation of native H2O ice and C-rich species (Grundy et al., 2006; Cartwright et al., 2015) . Radiolytic generation of CO2 molecules has been observed in numerous laboratory studies, utilizing different irradiation sources (heavy ions, protons, electrons, and UV photons), different substrates made of H2O ice and various C-rich materials, and over a wide range of cryogenic temperatures (~10 -150 K) relevant to icy objects in the outer Solar System (e.g., Strazzulla and Palumbo, 1998; Chakarov et al., 2001; Gerakines and Moore, 2001; Hudson and Moore, 2001; Mennella et al., 2004; Sedlacko et al., 2005; Gomis and Strazzulla, 2005; Loeffler et al., 2005; Jamieson et al., 2006; Mennella et al., 2006; Kim and Kaiser, 2012; Raut et al., 2012) .
CO2 molecules generated in situ by charged particle irradiation on the Uranian satellites should sublimate from radiolytic production sites, hop along the surfaces of these moons, and then merge with deposits of concentrated CO2 that likely build up on colder, reflective regions, such as bright, H2O-rich crater floors and tectonic landforms like chasmata (Grundy et al., 2006; Sori et al., 2017) . These CO2-rich deposits are likely thermodynamically stable over long timescales (~0.01 -1 Ga; Grundy et al., 2006; Sori et al., 2017) . Consequently, CO2-rich deposits likely expand and become thicker over time as they accumulate more migrating CO2 molecules.
Although initially made up of small CO2 grains, these deposits could eventually sinter into slabs of CO2 ice. Analysis of CO2 ice in the laboratory suggests that the second order combination and overtone bands (between 1.9 and 2.1 µm) of this constituent require relatively thick deposits in order to detect and characterize them (~1 -10 mm thick samples) (e.g., Hansen, 1997 Hansen, , 2005 Gerakines et al., 2005) . Third order CO2 bands (between 1.57 and 1.61 µm) are a factor of ~60 to 200 weaker than second order CO2 bands, requiring samples up to ~100 mm thick to characterize in the laboratory (Hansen, 2005) . Second order CO2 bands have been detected in spectra of the Uranian moons, and third order CO2 bands have also been detected in spectra of Ariel (Grundy et al., 2006) . Consequently, the weak CO2 ice bands detected on these moons support the presence of thick deposits of CO2 ice. These thick CO2 ice deposits could weaken the spectral signature of the underlying H2O ice-rich cold traps, thereby weakening H2O ice bands and increasing the IRAC albedos of these moons' trailing hemispheres compared to their leading hemispheres, where CO2 is largely absent.
The large reduction in H2O ice band strengths and increase in IRAC albedos on Ariel's trailing hemisphere is consistent with the large abundance of CO2 ice on its trailing hemisphere (27% of best fit spectral models; Cartwright et all., 2015) . The similar, but more subtle, spatial trends in H2O ice band strengths and IRAC albedos on the more distant moons Umbriel, Titania, and Oberon is also consistent with the distribution of CO2 ice on their trailing hemispheres (8%, 5%, and 3% of best fit spectral models, respectively; Cartwright et al., 2015) . Miranda displays no hemispherical asymmetries in its H2O ice band strengths or IRAC albedos, and CO2 ice has not been detected on this moon (Bauer et al., 2002; Grundy et al., 2006; Gourgeot et al., 2013; Cartwright et al., 2015 Cartwright et al., , 2018 . Miranda's low mass (Table 1 ) likely leads to efficient Jean's escape of radiolytically-generated CO2 molecules, effectively depleting Miranda's surface inventory of CO2 (Sori et al., 2017) . Therefore, the presence of CO2 ice could explain the higher IRAC albedos and weaker H2O ice bands on the trailing hemispheres of Ariel, Umbriel, Titania, and Oberon, and the absence of CO2 on Miranda could explain the lack of hemispherical trends in its composition.
Although the spectral signature of areally mixed CO2 ice is apparent in short NIR spectra, it is absent from long NIR datasets, possibly obscured by tiny H2O ice grains. Spectral modeling of Ariel's central-trailing (CT) albedo zone indicates that IRAC could be sensing large fractions of intimately mixed CO2 ice, along with tiny H2O grains (section 3.4.2). Perhaps intimately mixed CO2 ice is increasing the IRAC albedos of Umbriel's, Titania's, and Oberon's trailing hemispheres as well. We consider a possible mechanism for obscuring the spectral signature of areally mixed CO2 ice deposits on these satellites' surfaces in section 4.2.4.
Probing the Microstructure of the Uranian Satellites' Regoliths
The apparent disconnect between the spectral signatures of the Uranian satellites in SpeX/SXD (~1 -2.5 µm) and Spitzer/IRAC and SpeX/LXD (~3 -5 µm) datasets has been interpreted to result from differences in photon penetration depths into H2O ice-rich substrates over these two wavelength regions (Cartwright et al., , 2018 . Therefore, these datasets could be sampling different compositional layers, with the IRAC and SpeX/LXD data primarily sampling shallower depths (top ~0.001 to 0.05 mm), whereas the SpeX/SXD spectra are able to probe deeper depths (~0.15 -10 mm) into the regoliths of these moons. Supporting this interpretation, ground-based polarimetric observations, made over visible (VIS) wavelengths, indicate that the classical Uranian moons display strong negative polarization branches (NPBs) at low phase angles (Afanasiev et al., 2014) . These NPBs are much steeper than both bright, H2O ice-rich moons, like Tethys and Rhea, and dark material-rich moons, like Callisto and Iapetus, measured over comparable phase angles (e.g., Kiselev et al., 2017) . The distinct VIS polarization properties of the Uranian satellites are consistent with the presence of tiny grains (≲ 1 µm diameters) forming a porous and "crumbly" layer (Afanasiev et al., 2014) . Recent laboratory experiments that investigated the polarization properties of H2O ice support this interpretation, showing that small H2O ice grains generate more pronounced NPBs than large H2O grains (Poch et al., 2018) .
Our IRAC and SpeX/LXD spectral models, as well as analysis of VIS polarimetric results, suggest that a veneer of tiny grains mantle the surfaces of the Uranian satellites. We cannot, however, discern whether this layer is exclusively made up of tiny grains, or whether it includes larger grains as well (≳ 10 µm diameters). It is also possible that tiny grains are present beneath this exposed layer, filling in pore spaces between larger grains. Consequently, the precise physical structure of these moons' regoliths remains uncertain. In the following subsections, we discuss two different mechanisms that might generate porous layers with large abundances of tiny grains. We also consider possible explanations for why similar veneers of tiny H2O grains have not been detected on Jovian and Saturnian icy moons.
Regolith Microstructure Developed by Micrometeorite Impacts?
A porous layer of tiny grains could have been formed via dust collisions with the Uranian moons' surfaces. In this scenario, tiny grains of H2O ice and other constituents were delivered to the Uranian satellites by different sources of micrometeorites, including heliocentric dust, µ-ring particles (primarily delivered to Miranda), and dust liberated from the surfaces of the Uranian irregular satellites (primarily delivered to Titania and Oberon) (e.g., Tamayo et al., 2013) . Although the surfaces of Miranda and Ariel have heavily tectonized regions that are relatively young (~0.1 -1.0 Ga), they also display heavily cratered, ancient regions (~2 -3.5 Ga) (e.g., Zahnle et al., 2003) . The three other moons, Umbriel, Titania, and Oberon, have heavily cratered surfaces that are all very ancient (~4 -4.5 Ga), with some younger regions observed on Titania (~2 Ga; Zahnle et al., 2003) . The ancient surfaces, or at least the older regions, of these moons could have developed mantles of tiny heliocentric and planetocentric dust grains that have built up over the past few Gyr. Additionally, these different sources of dust could have fragmented exposed grains of H2O ice as they collided with these moons, thereby increasing the number of tiny H2O grains on their surfaces. These tiny grains are able to persist on the Uranian moons due to their low surface temperatures (~30 -90 K; Sori et al., 2017) , which reduce the rate of H2O grain growth via sintering.
Regolith Microstructure Resulting from Volatile Loss?
Another possible formation mechanism for a porous layer dominated by tiny H2O grains could involve outgassing of volatiles that originally accreted into these satellites as they formed in the Uranian subnebula (e.g., Lewis, 1972 Lewis, , 1973 Prinn and Fegley, 1981,1989) . In this scenario, substantial amounts of intimately mixed C-rich volatiles like CH4 clathrates (CH4 • 6H2O) were efficiently removed by sublimation and/or radiolytically modified into refractory C-rich residues.
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The resulting regolith, composed of H2O ice and C-rich residues, formed a porous upper layer, which was further comminuted by dust collisions. The ancient surfaces of the Uranian satellites allowed this volatile-depleted layer to persist, at least in some regions, over the age of these moons.
Mid-sized trans-Neptunian objects (TNOs) likely experienced substantial volatile loss via outgassing and subsequent Jeans escape of volatile molecules (Schaller and Brown, 2007; Brown, 2012) . In contrast, more massive TNOs like Eris, Pluto, and the large Neptunian moon Triton have retained a much larger fraction of their original volatile inventory. Similar to the classical Uranian satellites, mid-sized TNOs like Orcus, Ixion, Huya, Varuna, and 1999 DE9 have dark surfaces that are possibly composed of carbonaceous residues mixed with different amounts of H2O ice (e.g., de Bergh et al., 2013, and references therein). As observed during the New Horizons flyby of Pluto, Charon is also primarily composed of H2O ice mixed with C-rich material (e.g., Grundy et al., 2016) . These mid-sized, H2O ice-bearing TNOs have estimated diameters ranging from ~400 to 1200 km, which are comparable to the diameters of the Uranian satellites (~500 -1500 km). Furthermore, the polarization properties of these mid-sized TNOs are similar to the Uranian satellites, with steep NPBs that are clearly distinct from large and bright TNOs, which have fairly constant NPBs (e.g., Bagnulo et al, 2008 Bagnulo et al, , 2011 Belskaya et al., 2012; Afanasiev et al., 2014) . The similarly steep NPBs of these TNOs and the Uranian moons could stem from enhanced scattering in porous layers composed primarily of tiny H2O grains, formed (at least in part) by volatile outgassing. Volatile outgassing could represent an important process for shaping the regoliths of small and mid-sized icy objects throughout the outer Solar System.
Comparison to the Jovian and Saturnian Satellites
Analysis of long NIR spectra indicates that H2O ice-rich Saturnian moons, and dark material-rich Iapetus and Callisto, are not mantled by porous layers composed primarily of tiny H2O grains, at least not to the same extent as the Uranian moons. The surfaces of most of the Jovian and Saturnian icy moons are thought to be younger than the Uranian satellites (e.g., Zahnle et al., 2003) , reducing the amount of time for layers of tiny grains to develop due to dust impact comminution. Additionally, Jovian and Saturnian satellites have warmer surfaces (~100 -160 K) than the Uranian moons (~30 -90 K; Sori et al., 2017) , which should promote more rapid H2O ice grain sintering and the removal of tiny grains. Even the ancient surfaces of Callisto and Iapetus are unlikely to build up layers of tiny H2O grains due to their high peak temperatures (~130 -160 K) spurring H2O ice sintering (e.g., Boxe et al., 2007) . Furthermore, the Jovian and Saturnian magnetospheres are more intense than the Uranian magnetosphere, with larger populations of highenergy charged particles (e.g., Cassidy et al., 2010, and references therein) . Bombardment by magnetospherically-embedded particles, in particular heavy ions, will tend to preferentially remove small grains via sputtering (e.g., Johnson et al., 2013, and references therein) . Measurements made during the Voyager 2 flyby indicate that heavy ions are largely absent from the Uranian magnetosphere (e.g., Ness et al., 1986; . If the absence of heavy ions has persisted over geologic timescales, then perhaps charged particle sputtering of tiny grains is relatively inefficient in the Uranian system. Therefore, the mostly younger surfaces, warmer temperatures, and more frequent magnetospheric interactions could efficiently remove small grains from the surfaces of the Jovian and Saturnian satellites, preventing them from building up veneers of tiny H2O ice grains.
Obscuring the Spectral Signature of CO2 Ice
CO2 molecules on the Uranian moons are likely formed via a radiolytic production cycle, migrating to concentrated deposits of CO2 that sinter into thick CO2 ice slabs. This process presumably occurs more rapidly during winter, when the poles of these moons remain in non-interrupted darkness for over 21 years and temperatures plummet to an estimated 30 K (Sori et al., 2017) . Once winter ends, CO2 ice deposits are again exposed to sunlight and surface temperatures increase, perhaps driving a solid-state greenhouse effect (e.g., Matson and Brown, 1989) .
In this scenario, CO2 ice deposits are exposed to optical wavelength photons, which penetrate through the translucent, non-scattering CO2 slabs. These photons are absorbed by H2O ice and dark material at the interface with the bottom of the slabs and are reemitted at thermal wavelengths. These longer wavelength photons are unable to efficiently escape back through the CO2 ice layer, and instead are absorbed by CO2 ice at the base of the slab. The bottom of the slab slowly warms up and CO2 molecules begin to sublimate, leading to the accumulation of CO2 gas underneath the slab. Eventually, the pressure exerted by the increasing volume of CO2 gas exceeds the material strength of the overlying CO2 ice, rupturing the slab. The trapped CO2 gas escapes in high velocity jets, bringing along entrained regolith grains originating near the base of the slab. Some of this material falls back onto the ruptured slab, forming a thin layer of ejected regolith grains. The material falling back onto the CO2 ice slab is mostly composed of tiny H2O ice grains, with similar spectral properties to regolith material elsewhere on these moons.
A possibly analogous solid-state greenhouse warming process occurs in "Cryptic" terrains near the south pole of Mars. Here, slabs of CO2 ice, built up during the cold Martian winter, are ruptured by high velocity CO2 jets during spring, which deposit entrained regolith material on top of the CO2 slabs (e.g., Kieffer et al., 2000 , 2006 , Chinnery et al., 2018 . A similar solid-state, solar-driven process has been suggested to explain the plume activity and dark streaks observed on Triton during the Voyager 2 flyby of the Neptunian system (e.g., Smith et al., 1989) . On Triton, sunlight could pass through a translucent upper layer of nitrogen ice and interact with a dark absorbing layer beneath, which warms the base of the overlying nitrogen ice slab, driving the buildup and subsequent eruption of nitrogen-rich gas with entrained dark material (e.g., Matson and Brown, 1989; Soderblom et al., 1990) .
It is uncertain whether the base of CO2 ice slabs on the Uranian moons could reach temperatures high enough to drive subsurface sublimation of CO2, nor whether this process would occur fast enough to promote CO2 gas accumulation, as opposed to CO2 gas slowly escaping through fractures and other conduits to their surfaces. Voyager 2/ISS did not detect evidence for expansive slabs of CO2 ice on Ariel, possibly because the spatial resolution of the ISS images is too low (~1 km/pixel; Smith et al., 1986) to detect these deposits, if they are present. Furthermore, Voyager 2/ISS did not detect plume activity or dark streaks on Ariel like those observed on Triton. Nevertheless, in theory a solid-state greenhouse process could help explain why the spectral signature of CO2 ice appears to be obscured by tiny H2O ice grains on Ariel. Subsequent numerical modeling work of solid-state greenhouse warming on the Uranian moons, which is far beyond the scope of this paper, is needed to investigate this possible mechanism.
Summary
We analyzed new IRAC Ch.1 and Ch.2 geometric albedos to test the hypothesis that the surfaces of the classical Uranian satellites are mantled by tiny H2O ice grains. Radiative transfer modeling of these new data support the ubiquitous presence of tiny H2O ice grains (≤ 2 µm diameters), consistent with previous analyses of other long NIR datasets (~3 -5 µm; Cartwright et al., 2015 Cartwright et al., , 2018 . Furthermore, our results indicate that these moons have higher IRAC albedos on their trailing hemispheres compared to their leading hemispheres (except for Miranda), suggesting larger abundances of tiny H2O ice grains and/or less H2O ice is exposed on their trailing sides.
We explored possible mechanisms to explain the apparent leading/trailing asymmetry in these moons' IRAC albedos and H2O ice band strengths, finding that the most likely driver is the presence of intimately mixed CO2 ice on their trailing hemispheres. The absence of CO2 ice on Miranda can also explain why this moon does not display hemispherical asymmetries in its H2O ice band strengths and IRAC albedos. Additionally, our results uncovered five regional-scale albedo zones on Ariel, which likely stem from the distribution of CO2 ice on this moon. We explored the possible roles of micrometeorite impacts and volatile outgassing on the microstructure of these moons' regoliths, finding that both processes could contribute to developing the porous upper layers suggested by VIS polarimetric observations and our long NIR spectral models. We also discussed a possible mechanism for obscuring the spectral signature of areally mixed CO2 ice via jetting of CO2 gas and entrained regolith material.
This study builds upon previous efforts that investigated how the distribution of constituents on the classical Uranian satellites compares to icy bodies elsewhere. Icy satellites in the Jovian and Saturnian systems have relatively young and warm surfaces that are exposed to larger fluxes of charged particles compared to the Uranian moons. Consequently, the combination of geologic, thermal, and radiolytic processes operating on the surfaces of the Jovian and Saturnian moons is likely more efficient at removing tiny H2O grains compared to the relatively cold and quiescent environment of the Uranian system. Complementing our findings reported here, VIS polarimetry indicates that the Uranian moons have steep negative polarization branches (NPBs), consistent with porous upper layers dominated by tiny grains (Afanasiev et al., 2014) . The Uranian moons' steep NPBs are comparable to the NPBs of similarly sized, H2O-bearing TNOs, which could be mantled by porous upper layers developed by substantial volatile outgassing. Consequently, the surfaces of the Uranian satellites have different spectral properties than Jovian and Saturnian icy moons, and instead, perhaps the spectral signature of their surfaces are more similar to mid-sized, H2O ice-bearing TNOs like Charon, Orcus, Varuna, Ixion, Huya, and 1999 DE9.
Future Work
High signal-to-noise (S/N) spectral observations of the Uranian satellites at wavelengths > 2.5 µm are critical to investigate the prevalence of tiny H2O grains on their surfaces and the processes shaping the microstructure of their regoliths. Observations by the NIRSpec and MIRI spectrographs onboard the James Webb Space Telescope could dramatically expand our understanding of these moons across a wide swath of wavelengths (~0.6 -29.5 µm). Observations made by next generation space telescopes, such as the proposed LUVOIR mission (e.g., Bolcar et al., 2017) , could collect spatially resolved and high S/N spectra of these moons, providing invaluable information about their spectral properties across the 1 to 5 µm range (Cartwright et al., 2019a) . The Extremely Large Telescopes (ELTs), coming online over the next decade, could also provide spatially resolved, high-quality spectra of these moons over short NIR wavelengths (~1 -2.5 µm) (Wong et al. 2019) . Additionally, a spacecraft mission to the Uranian system would achieve far superior spatial resolution compared to any existing or proposed ground-or spacebased facility (Cartwright et al., 2019b) , and would therefore provide the best possible data for mapping the distribution of constituents and characterizing geologic landforms on these moons. Such a mission, returning in situ data, has the promise to revolutionize our understanding of ice giant planetary systems, which may represent a common type of exoplanetary system. Theoretical work and physical experiments are also sorely needed to improve our understanding of the Uranian satellites' surface environments. Numerical models that investigate interactions between Uranus' magnetosphere and the classical moons are needed to determine the longitudes and latitudes of peak irradiation, and whether charged particle fluxes are sufficient to drive a radiolytic production cycle of CO2 and perhaps other oxidized species like carbonic acid (H2CO3), carbon suboxide (C3O2), methanol (CH3OH), and formaldehyde (H2CO) (e.g., Delitsky and Lane, 1997) . Dynamical modeling of µ-ring particles on slowly expanding orbits that cross into the orbital zone of Miranda, and updated estimates of the rate of regolith overturn spurred by heliocentric micrometeorites on Miranda, are needed to investigate how these different sources of dust modify its surface composition. Thermodynamical modeling work is needed to explore whether thick slabs of CO2 ice could undergo solid state greenhouse warming at cryogenic temperatures relevant to the Uranian system. Development and proliferation of new radiative transfer modeling codes that can account for distinct compositional layers would greatly improve our understanding of the regolith microstructure of the Uranian satellites and other icy objects. Similarly, cryogenic laboratory work that investigates the spectral and polarimetric properties of different particulate substrates, with stratified compositions and grain sizes, would provide new key knowledge of how layered media influence the spectral signature of icy object regoliths throughout the outer Solar System. Fig. 7 in Karkoschka (2001) . Cartwright et al. (2015) . Figure 7c . Synthetic spectra shown in Figure 7a and 7b. Dashed lines represent sinusoidal fits to the data and the solid purple lines show the mean Ch.1 and Ch.2 albedos for each moon. Duplicate longitudes are shown to highlight periodic trends in the IRAC albedos for each moon (gray-toned regions). The maxima of these sinusoidal models are free parameters and are not locked to a specific longitude. The y-axis of the Umbriel, Titania, and Oberon plots are scaled to 0.05 to 0.2 geometric albedo, whereas the y-axis of the Ariel plot ranges from 0.0 to 0.3 geometric albedo.
Figure 6:
Best fit synthetic spectra (red lines) for the mean IRAC Ch.1 and Ch.2 albedos for each moon's leading (a-e) and trailing (f-j) hemisphere. The modeled Ch.1 and Ch.2 albedos (red asterisks) for these synthetic spectra are shown to the right of the measured albedos (black diamonds). FWHM bandwidth for Ch.1 and Ch.2 (black bars) are indicated. Published SpeX/LXD spectra for the leading (blue) and trailing (orange) hemisphere of Ariel, Titania, and Oberon are also shown (originally presented in Cartwright et al., 2018) . Synthetic spectra details are summarized in Table 7 .
Figure 7:
Examples of synthetic spectra fit to Ariel's Central-Trailing albedo zone: (a) models that include areally mixed CO2 ice, (b) models with intimately mixed CO2 ice, (c) models without CO2 ice. The synthetic spectra, their modeled Ch.1 and Ch.2 albedos, and their descriptive labels all share the same color in each plot. The measured Ch.1 and Ch.2 albedos for the Central-Trailing albedo region are also shown (black diamonds). FWHM bandwidths for Ch.1 and Ch.2 (black bars) are indicated. Published SpeX/LXD spectrum for the trailing hemisphere of Ariel is also shown (originally presented in Cartwright et al., 2018) .
